
Comparison of Genome and Plasmid-Based Engineering of
Multigene Benzylglucosinolate Pathway in Saccharomyces
cerevisiae

Cuiwei Wang,a Michal Poborsky,a Christoph Crocoll,a Christina Spuur Nødvig,b* Uffe Hasbro Mortensen,b Barbara Ann Halkiera

aDynaMo Center, Department of Plant and Environmental Sciences, University of Copenhagen, Frederiksberg, Denmark
bDepartment of Systems Biology, Technical University of Denmark, Lyngby, Denmark

ABSTRACT Intake of brassicaceous vegetables such as cabbage is associated with
numerous health benefits. The major defense compounds in the Brassicales order
are the amino acid-derived glucosinolates that have been associated with the
health-promoting effects. This has primed a desire to build glucosinolate-producing
microbial cell factories as a stable and reliable source. Here, we established—for the
first time—production of the phenylalanine-derived benzylglucosinolate (BGLS) in
Saccharomyces cerevisiae using two different engineering strategies: stable genome
integration versus plasmid-based introduction of the biosynthetic genes. Although the
plasmid-engineered strain showed a tendency to generate higher expression level of
each gene (except CYP83B1) in the biosynthetic pathway, the genome-engineered
strain produced 8.4-fold higher BGLS yield compared to the plasmid-engineered strain.
Additionally, we optimized the genome-engineered strain by overexpressing the entry
point genes CYP79A2 and CYP83B1, resulting in a 2-fold increase in BGLS production
but also a 4.8-fold increase in the level of the last intermediate desulfo-benzylglucosi-
nolate (dsBGLS). We applied several approaches to alleviate the metabolic bottleneck
in the step where dsBGLS is converted to BGLS by sulfotransferase, SOT16 dependent
on 39-phosphoadenosine-59-phosphosulfate (PAPS). BGLS production increased 1.7-fold
by overexpressing SOT16 and 1.7-fold by introducing APS kinase, APK1, from Arabidopsis
thaliana involved in the PAPS regeneration cycle. Modulating the endogenous sulfur
assimilatory pathway through overexpression of MET3 and MET14 resulted in 2.4-fold to
12.81 mmol/L (=5.2 mg/L) for BGLS production.

IMPORTANCE Intake of brassicaceous vegetables such as cabbage is associated with
numerous health benefits. The major defense compounds in the Brassicales order
are the amino acid-derived glucosinolates that have been associated with the
health-promoting effects. This has primed a desire to build glucosinolate-producing
microbial cell factories as a stable and reliable source. In this study, we engineered
for the first time the production of phenylalanine-derived benzylglucosinolate in
Saccharomyces cerevisiae with two engineering strategies: stable genome integration
versus plasmid-based introduction of the biosynthetic genes. Although the plasmid-
engineered strain generally showed higher expression level of each gene (except
CYP83B1) in the biosynthetic pathway, the genome-engineered strain produced
higher production level of benzylglucosinolate. Based on the genome-engineered
strain, the benzylglucosinolate level was improved by optimization. Our study com-
pared different approaches to engineer a multigene pathway for production of the
plant natural product benzylglucosinolate. This may provide potential application in
industrial biotechnology.
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Glucosinolates (GLSs) are amino acid-derived defense compounds characteristic of
the Brassicales order, including vegetables like broccoli and cabbages, as well as the

model plant Arabidopsis thaliana (1). Intake of GLSs via consumption of brassicaceous
vegetables has been associated with numerous health benefits as well as prebiotic
effects (2). This has primed a desire to engineer the production of health-promoting
GLSs as dietary supplements to enable intake of well-defined doses from a stable and
rich source. Multiple biotechnological approaches using either plants or microbes as
host organisms have been applied to engineer the multigene pathways for production
of the desirable GLSs (3 to 5).

The first example of heterologous production of GLS was in 2009 when benzylglu-
cosinolate (BGLS) was produced by transient expression of the BGLS biosynthetic
genes in Nicotiana benthamiana (6). In 2012, a versatile platform for stable expression
of multigene pathways in the Saccharomyces cerevisiae was developed, and 14 loca-
tions in the yeast genome were identified for gene integration with high gene expres-
sion and without any significant impact on the growth rate (7). As a proof of concept,
production of indole GLS in a microbial host was successfully obtained for the first
time using this platform (7). In 2019, BGLS was produced from genes on plasmids in
Eschericia coli (3), and in 2020 4-methylsulfinylbutyl GLS was produced by genome
integration of the genes into E. coli (8). In addition to using either plasmid or genome
engineering as illustrated here for GLS production, recent examples of engineering
multigene pathways of alkaloids successfully apply a combination of genome integra-
tion and plasmids (9 to 12).

A critical part of engineering multigene pathways is to be able to monitor the
expression of the pathway proteins. Compared to Western blot analysis, which is not
easily applicable to multiple enzyme pathways as many antibodies would be required,
targeted proteomics has emerged as an attractive alternative. The relative protein lev-
els are quantified by monitoring proteotypic peptides of the biosynthetic enzymes
using mass spectrometry (13). Recently, targeted proteomics was used to evaluate an
optimization strategy for production of BGLS in E. coli by monitoring the role of differ-
ent promoters at the enzyme level (3).

In this study, we investigated multicopy plasmid-based versus genome engineering
strategies for BGLS production in S. cerevisiae. The single-copy genome integration
approach resulted in a higher yield of BGLS than multicopy plasmid expression despite
more abundant overall protein level in BGLS biosynthesis by plasmid expression.
Additionally, genome-engineered BGLS production was further optimized by overex-
pression of the entry point enzymes, and strategies for alleviating the metabolic bottle-
neck in the sulfotransferase step were tested by either overexpressing the responsible
sulfotransferase enzyme or modulating related sulfur metabolism.

RESULTS
Comparison of BGLS production and protein level of biosynthetic enzymes in

BGLSg and BGLSp strains of S. cerevisiae. To achieve BGLS production in S. cerevisiae,
seven biosynthetic genes (CYP79A2, CYP83B1, GSTF9, GGP1, SUR1, UGT74B1, and SOT16;
see Fig. 1), as well as the gene ATR1 encoding a NADPH cytochrome P450 reductase
that supports the function of cytochrome P450 enzymes from A. thaliana, were intro-
duced into the S. cerevisiae strain CEN.PK 113-11C. Specifically, the eight genes driven
by the strong constitutive promoters TEF1 or PGK1 were pairwise integrated into four
well-characterized sites on the chromosome XII (7), and this engineered strain was
named BGLSg (Fig. 2A). For plasmid-based production, two 2m-derived high-copy plas-
mids (containing URA3 and HIS3 as selectable markers, respectively) containing the
eight genes under the control of the same promoters and terminators as in the BGLSg
strain were constructed and transformed into CEN.PK 113-11C, and the strain was
named BGLSp (Fig. 2B). As control, we transformed the wild-type strain CEN.PK 113-11C
with the two empty plasmids that were used for expression of the BGLS pathway
genes in the BGLSp strain. Additionally, we transformed BGLSg with the two empty
plasmids for comparison with the strain BGLSp in the same growth medium. When the

Engineering Benzylglucosinolate Pathway in Yeast Applied and Environmental Microbiology

November 2022 Volume 88 Issue 22 10.1128/aem.00978-22 2

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00978-22


three strains were grown in SC-Ura-His-Glu medium for 48 h, we found that both
BGLSg and BGLSp strains produced BGLS (Fig. 3A), whereas the control strain did not
(Table S1 in the supplemental material). The BGLSg strain produced 0.59 mmol/L BGLS,
while the BGLSp produced 0.07 mmol/L (Table S1). This shows that expression of the
BGLS biosynthetic genes through stable genome integration results in 8.4-fold higher
production level of BGLS compared to expression from the plasmids despite the much
higher copy number of plasmids compared to the single copy integrated into the

FIG 1 The BGLS biosynthetic pathway in Arabidopsis thaliana. The compounds in the BGLS pathway are
(i) phenylalanine, (ii) phenylacetaldoxime, (iii) phenylacetonitrile oxide, (iv) S-[(Z)-phenylacetohydroximoyl]-
L-glutathione, (v) Cys-Gly conjugate derivative of compound iv, (vi) phenylacetothiohydroximic acid, (vii)
desulfo-benzylglucosinolate (dsBGLS), and (viii) benzylglucosinolate (BGLS). Abbreviations: GSTF9, glutathione
S-transferase F9; GGP1, g-glutamyl peptidase 1; SUR1, C-S lyase; UGT74B1, UDP-glucosyltransferase 74B1;
SOT16, sulfotransferase 16; UDPG, uridine-59-diphosphate-glucose, PAPS, 39-phosphoadenosine-59-
phosphosulfate; PAP, adenosine-39,59-bisphosphate.
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genome. Furthermore, we observed that both BGLSg and BGLSp produced a small
amount of desulfo-benzylglucosinolate (dsBGLS), which is the last intermediate in the
BGLS biosynthetic pathway (Fig. 3B). Noticeably, large differences between five biologi-
cal replicates for BGLS production were observed, as evidenced by the results that one
of five colonies did not produce detectable level of BGLS and that a large variation of
dsBGLS yields was detected across the individual BGLSp cultures.

We further analyzed the protein levels of the individual biosynthetic enzymes in the
BGLSg and BGLSp strains by targeted proteomics when the two strains were grown for
24 h. Generally, we find that the average protein level for most BGLS enzymes shows a
tendency to be higher when the genes are expressed from high-copy plasmids (rang-
ing from 0.02 to 1.35) than from single copies integrated into the genome (ranging
from 0.02 to 0.34). An exception is CYP83B1, which has a similar protein level in the
two strains (Fig. 3C to I and Table S1). It seems that overall variation in protein levels of
CYP83B1 reflected the varied BGLS production yields in BGLSg strain as judged from
Fig. 3A and D. However, when looking at the individual strains, the CYP83B1 protein
level in each culture was not consistent with the tendency of BGLS production level in
the same culture (Fig. S1A and D). Although CYP79A2 was previously detected in BGLS
production in E. coli (3), the protein was not detectable in our experimental setup.
Interestingly, large variation among individual replicates for each enzyme was observed in
BGLSp with high-copy plasmids, which leads to unbalanced enzyme levels within a biosyn-
thetic pathway in a yeast cell. The poor orchestration among the enzymes for BGLS biosyn-
thesis explains the lower BGLS yield despite the higher average of protein level in BGLSp
(Fig. S1). Specifically, one of the cultures (C3) expressing undetectable levels of CYP83B1
and SUR1 did not produce traceable levels of BGLS and dsBGLS, and another culture (C4)
with undetectable levels of CYP83B1 produced a tiny amount of BGLS and no dsBGLS.
Moreover, the undetectable level in one of the cultures (C5) of SOT16 protein that cata-
lyzes dsBGLS into BGLS, explains the large accumulation of dsBGLS (Fig. S1). Here, the high
level of dsBGLS despite undetectable levels of GGP1 suggests that a yeastg-glutamyl trans-
peptidase can substitute for the Arabidopsis GGP1.Conversely, the one-copy genome inte-
gration in BGLSg resulted in less variation in protein level for each enzyme except CYP83B1

FIG 2 Two strategies for engineering the production of BGLS in the Saccharomyces cerevisiae strain. (A) Strategy for stable integration
of eight genes of the BGLS pathway into the genome of S. cerevisiae. Pairs of two genes flanked with, respectively, TEF1 promoter and
ADH1 terminator or PGK1 promoter and CYC1 terminator were inserted into the integration sites at chromosome XII. The strain is
named BGLSg. (B) Strategy for engineering the BGLS pathway genes in two plasmids. The genes are flanked with the same promoters
and terminators shown in A. CYP79A2, CYP83B1, GSTF9, and ATR1 were constructed on high-copy-number plasmid pESC-URA-USER, and
the remaining four genes are constructed on high-copy-number plasmid pESC-HIS. The strain is named BGLSp. The support gene ATR1
is coexpressed with the BGLS pathway genes shown in A and B.
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(Fig. 3 and Fig. S1). This suggests that genome integration results in more stable gene
expression, which is beneficial for engineering the multigene pathway of BGLS.

To investigate whether the highly variable levels of gene expression reflected alteration
of presence of full-length genes, the size of the BGLS biosynthetic genes were checked in
the BGLSg and BGLSp strains by amplification of the whole genes with PCR (Fig. S2). The
results show that all the BGLS biosynthetic genes are present and with full length in the
BGLSg strain, which is in accordance with the detected protein levels in Fig. 3 and Fig. S1.
For the BGLSp strain, one of the cultures lacked detectable amounts of SUR1 and had less
abundance of GGP1, as also reflected in the absence and reduction in protein levels,

FIG 3 Analysis of BGLS production and protein levels of individual BGLS biosynthetic enzymes in the
BGLSg and BGLSp strains. (A and B) The yields of BGLS and dsBGLS produced by the BGLSg strain and
the BGLSp strain. The BGLSg strain represents the BGLSg strain transformed with the two empty
plasmids pESC-URA-USER and pESC-HIS. BGLSp strain represents the constructed strain shown in Fig. 2B.
Data represent the average and P value (two-sided Student's t test) of five biological replicates. The P
value used to compare the BGLS yields produced by the BGLSg strain and the BGLSp strain is 0.00039
(indicated with ***). (C to I) Targeted proteomics of protein levels in the individual BGLS biosynthetic
enzymes in the BGLSg and the BGLSp strains. The spots represent the relative level of a representative
peptide for each protein that was normalized to the housekeeping gene PGI1 (encoding glucose-6-
phosphate isomerase). The averages and P values (two-sided Student's t test) of five biological
replicates are shown. The P value used to compare the protein levels of ATR1 between the BGLSg strain
and the BGLSp strain is 0.041 (indicated with *). The engineered strains were grown in SC-Ura-His-Glu
media, and samples were taken at 48 h for metabolite analysis and at 24 h for targeted proteomics
analysis. Exact values for BGLS and dsBGLS yields and protein levels are listed in Table S1.
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respectively. Noticeably, the intensity of DNA fragments representing CYP83B1 was weak
in all cultures of BGLSp strain. The results suggest that some genes are eliminated by ho-
mologous recombination in the BGLSp strain. This may explain the undetected and vari-
able protein levels.

Optimization of BGLS production in the BGLSg strain by enhancing the entry
point of the BGLS biosynthetic pathway. Using the BGLSg strain with the biosyn-
thetic genes stably integrated into the genome as platform, we used a 2m-based plas-
mid to overexpress the entry point genes CYP79A2 and CYP83B1 for increasing BGLS
production (Fig. 4A). Interestingly, dsBGLS could only be detected in the culture, and
not in yeast cells, whereas the end product BGLS accumulated in small amounts in the
cells (Fig. S3). This suggests that dsBGLS is either exported or moved along the path-
way, whereas the end product BGLS accumulates to a certain level before it is being
exported. Accordingly, we only analyzed the levels of BGLS and dsBGLS in culture in
this study. When CYP79A2 and CYP83B1 driven by the constitutive promoters TEF1 and
PGK1 were introduced into the high-copy-number plasmid pESC-URA-USER and grown
in galactose-containing medium minus uracil, we found that the BGLSg strain produced
10.37 mmol/L of BGLS, which is a 2-fold higher level than a control strain with the
empty plasmid pESC-URA-USER (Fig. 4). Under these growth conditions, a similar level
of dsBGLS and BGLS was detected in the control strain, whereas a 4.8-fold increase in
the production of dsBGLS (20.67 mmol/L) was observed in the strain overexpressing
CYP79A2 and CYP83B1 (Fig. 4). Overall, this result shows that enhanced expression level
of the entry point enzymes CYP79A2 and CYP83B1 increases the BGLS production level
and thus the flux through the BGLS pathway. However, the large accumulation of

FIG 4 Optimization of BGLS production in BGLSg strain by enhancing the entry point enzyme activity
of CYP79A2 and CYP83B1. (A) Construct for overexpression of CYP79A2 and CYP83B1. The CYP79A2 and
CYP83B1 genes flanked with the same promoters and terminators shown in Fig. 2 are constructed on
the high-copy-number plasmid pESC-URA-USER. (B) Yields of BGLS and dsBGLS produced by the BGLSg
strain overexpressing the entry point genes CYP79A2 and CYP83B1. Control and CYPs represent the
BGLSg strain containing, respectively, the empty plasmid pESC-URA-USER and the construct with
CYP79A2 and CYP83B1 shown in A. The engineered strains were grown in SC-Ura-Gal medium, and
samples were taken at 48 h. Data represent the averages and P values (two-sided Student's t test) of
four biological replicates. The P value used to compare the dsBGLS yields produced by the control
strain and the CYPs strain is 0.011 (indicated with *). Exact values for BGLS and dsBGLS are listed in
Table S1.
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dsBGLS indicates that the last step of the BGLS pathway is a metabolic bottleneck
when the BGLSg strain is growing under these experimental conditions in this medium.

Alleviation of the metabolic bottleneck at the sulfotransferase step in the BGLS
production in BGLSg strain. Towards alleviating the metabolic bottleneck at the last
step in the BGLS pathway catalyzed by SOT16, we first enhanced the expression of the
SOT16 gene by increasing copy number and using the strong galactose-inducible pro-
moter GAL1 to regulate the expression (Fig. 5A). When we monitored the production
level of BGLS and dsBGLS at 48 h after induction, we observed that the BGLS yield sig-
nificantly increased by 1.7-fold to 9.12 mmol/L (Fig. 5B and Table S1). However, no sig-
nificant difference in dsBGLS accumulation was observed by overexpression of SOT16
(Fig. 5B), showing that although the elevated expression level of SOT16 improved BGLS
production, the metabolic bottleneck remained. The results suggest that an increased
availability of the SOT16 enzyme required an increased availability of the sulfotransfer-
ase 39-phosphoadenosine-59-phosphosulfate (PAPS) cofactor that could be a limiting
factor.

In S. cerevisiae, PAPS is an intermediate in the sulfate assimilatory pathway (14). To
increase PAPS availability, we overexpressed two genes, MET3 and MET14, encoding,
respectively, ATP sulfurylase and adenylylsulfate kinase, i.e., the first two enzymes con-
verting sulfate to PAPS in the sulfate assimilation pathway of yeast (14). The strong gal-
actose-inducible promoters GAL1 and GAL10 were used to control the expression of
MET3 and MET14, respectively (Fig. 5A). We found that the BGLS level significantly
increased by 2.4-fold, resulting in a yield at 12.81 mmol/L, whereas the level of dsBGLS
was similar to the control level, thus showing that the metabolic bottleneck was not

FIG 5 Alleviation of metabolic bottleneck in the conversion of dsBGLS to BGLS in the BGLSg strain. (A) Constructs
for overexpression of SOT16, MET3, and MET14, and expression of APK1. The SOT16 gene and APK1 gene encoding
A. thaliana APS kinase were constructed on plasmids pESC-HIS and pESC-URA-USER, respectively. The MET3 and
MET14 were constructed on plasmid pESC-HIS. Expression of all the genes was controlled by the terminator CYC1
and the galactose-inducible promoter GAL1, except expression of MET14 under the control of the galactose-
inducible promoter GAL10. (B) Yields of BGLS and dsBGLS from the BGLSg strain overexpressing SOT16 or MET3 and
MET14. The abbreviations Control, SOT16, and METs represent the BGLSg strain containing, respectively, the empty
plasmid pESC-HIS, the construct with SOT16, and the construct with MET3 and MET14. The engineered strains were
grown in SC-His-Gal medium, and samples were taken at 48 h. Statistical significance is shown based on Pairwise
Tukey’s HSD test (P , 0.05), and data labeled with different letters are significantly different. Exact values for BGLS
and dsBGLS yields and P values are listed in Table S1. (C) Yields of BGLS and dsBGLS from the BGLSg strain
overexpressing APK1. Control and APK1 represent the BGLSg strain containing, respectively, the empty plasmid
pESC-URA-USER and the construct with APK1. The engineered strains were grown in SC-Ura-Gal medium, and
samples were taken at 48 h. Data represent the average and P values (two-sided Student's t test) of four biological
replicates. The P value used to compare the BGLS yields produced by the control strain and the APK1 strain is
0.015 (indicated with *). Exact values for dsBGLS and BGLS yields are listed in Table S1.
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alleviated (Fig. 5B). As an alternative strategy to boost PAPS generation, we introduced
an Arabidopsis adenosine 5-phosphosulfate kinase, the APS kinase APK1, which is an
ortholog of MET14. Expression of APK1 driven by the galactose-inducible promoter
GAL1 on the high-copy-number plasmid pESC-URA-USER resulted in an increased pro-
duction of BGLS by 1.7-fold, whereas the level of dsBGLS did not change (Fig. 5C). The
result shows that introduction of APK1 increases the BGLS production even though the
sulfotransferase step is still a metabolic bottleneck.

Interestingly, combining overexpression of CYP79A2/CYP83B1 together with overexpres-
sion of SOT16 or MET3/MET14, which required that we use medium with SC-Ura-His-Gal,
showed that the increased levels of BGLS from individually overexpressing CYP79A2/
CYP83B1, SOT16, or MET3/MET14 were not observed (Fig. S4). The observed difference in
effect of adding SOT16 and MET3/MET14 in CYP79A2/CYP83B1 overexpressed lines may
reflect the introduction of additional plasmids as well as the different medium, thereby
demonstrating the challenges of engineering multigene pathways in microbes.

DISCUSSION

In this study, we used S. cerevisiae as a microbial cell factory to engineer BGLS pro-
duction by either genome engineering (strain BGLSg) or plasmid-based engineering
(BGLSp) of the biosynthetic genes. The BGLSg strain produced 8.4-fold higher levels of
BGLS than BGLSp (Fig. 3), despite a generally lower protein level of the individual bio-
synthetic enzymes in BGLSg compared to BGLSp. The various protein level of the indi-
vidual enzymes in BGLSp strain—in some samples even undetectable levels—may
explain the overall low BGLS yield in this strain. Generally, the copy number of
2m-based plasmids varies from cell to cell (15), causing many different combinations
when more than one kind of plasmid is present in a cell. Thus, cells with a balanced
production of all the enzymes might be rare, especially for pathways with multiple
genes. For example, only 6% of the yeast cells possess identical levels of the three fluo-
rescent proteins, YFP, RFP, and CFP, coexpressed from three different 2m-based plas-
mids (16). However, integration of the three genes into the yeast genome results in
95% of the cells with identical protein levels. Their findings are consistent with our pro-
tein level analysis for enzymes in the BGLS pathway engineered by genome integration
and 2m-based plasmid expression (Fig. 3 and Fig. S1). The problem of multiple, differ-
ent 2m-based plasmids may be alleviated through constructing the entire pathway
into a single plasmid.

Another possible explanation is the low genetic stability of plasmids in yeast. For exam-
ple, two fluorescent proteins, CFP and RFP, expressed from 2m-based plasmids showed that
only 54% of the cells produced both proteins at midexponential phase (17). Noticeably,
when single genes were expressed, the protein level produced from 2m-based plasmids
exceeded that from genome integration (17). Another study reported that only around 28%
of the yeast cells transformed with two 2m-based plasmids containing three genes for syn-
thesizing artemisinic acid maintained both of the plasmids after 120 h growth (18).
Furthermore, copy numbers affect plasmid stability, as evidenced by a study expressing
cheilanthifoline synthase from Eschscholzia californica from a low- and high-copy-number
plasmid, respectively: 90% of the low-copy-number plasmid was retained while only 10.7%
of the high-copy-number plasmid was maintained (10). Although strains with high-copy
plasmids have stability problems, utilization of these plasmids is still a common method to
achieve high level of gene expression for metabolic engineering (19).

In S. cerevisiae, plasmids containing direct repeat are known to be unstable due to
intraplasmid direct repeat recombination leading to loss of DNA between the repeats (20).
Accordingly, plasmids supporting a multigene pathway such as BGLS biosynthesis may be
prone to gene loss if some of the genes are equipped with the same promoter and termi-
nator. In our case, the plasmids contain four genes, and the central two genes are flanked
by a direct repeat constituted by a pair of identical bidirectional promoters (Fig. 2B). For
example, the undetected GGP1 and SOT16 in culture 5 may be caused by intraplasmid
direct repeat recombination between the two identical bidirectional promoters TEF1 and
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PGK1 (Fig. 2B and Fig. S1). Similarly, the lack of detection of CYP83B1 and SUR1 in culture
3 may be the result of interplasmid direct repeat recombination between the terminator
ADH1 and the promoter TEF1 or between the promoter PGK1 and the terminator CYC1
(Fig. 2B and Fig. S1). Such events may be quite frequent as high transcription levels are
accompanied by increased direct repeat recombination rates (21). Since each direct repeat
exists in a pool of multicopy plasmids, direct repeat recombination may appear more fre-
quently in plasmids than for corresponding direct repeats positioned in single copies at
the various integration sites in the genome. To this end, we note that selection will favor
recombinants that have lost the ability to produce potentially toxic intermediates and end
products. Hence, the plasmids that result from direct repeat recombination may take over
the population not only as they are genetically more stable and easier to replicate due to
the smaller size, but also since they cause less metabolic stress on the cells. For compari-
son, all the enzymes in BGLS biosynthesis were present in stable levels in the BGLSg strain.
As a strategy to increase copy number of stably integrated genes, the genome engineer-
ing platform used in the current study has been further advanced in a gene amplification
system, CASCADE, which allows amplicons containing one or more genes (i.e., entire multi-
gene pathways) to be efficiently introduced into the genome with defined numbers of
amplicons ranging from one to nine integrated copies (17).

Other work has also been reported to compare genome integration and multicopy
plasmids for engineering multigene pathways in S. cerevisiae. For example, a narin-
genin biosynthetic pathway containing six genes was constructed into three high-
copy plasmids, and the amount of target product exhibited large variability and low
reproducibility among transformant colonies (22). The strain harboring a genomically
integrated pathway showed superior reproducibility, although a lower level of narin-
genin was produced.

Optimization of BGLS production with the BGLSg strain through overexpression of
the entry point enzymes (CYP79A2 and CYP83B1) enhanced the production level of
BGLS and thus increased the flux through the pathway (Fig. 4). This is consistent with a
previous study in E. coli in which enhanced enzyme activity of CYP79A2 increases BGLS
production (3). The increased flux through the pathway revealed a metabolic bottle-
neck at the last step catalyzed by the sulfotransferase SOT16 resulting in dsBGLS accu-
mulation (Fig. 4). This result is different from the tiny amount of dsBGLS yield by the
BGLSg strain grown in glucose-containing synthetic media (Fig. 3B). This may reflect
the presence of either one or two plasmids transformed into BGLSg strain and thus dif-
ferent drop-out media. This emphasizes the importance of the number of plasmids
introduced and the experimental growth conditions in pathway engineering.

Possible explanations of the bottleneck could be inefficient enzyme level of sulfo-
transferase SOT16 or inadequate supply of cofactor PAPS. The bottleneck was partly
alleviated by overexpression of SOT16 as well as the endogenous MET3 and MET14 and
the Arabidopsis APK1 (Fig. 5). Accumulation of dsBGLS in the media was also observed
when engineering BGLS production in E. coli and N. benthamiana (3 and 23). In E. coli,
overexpression of three native PAPS-generating genes encoding an adenylyl-sulfate ki-
nase and two subunits of a sulfate adenylyltransferase did not increase, but reduced
BGLS production even when supplemented with different sulfur sources in media (3).
In tobacco, coexpression of APS kinase 2, APK2, reduced the majority of dsBGLS accu-
mulation and increased the BGLS level by 16-fold, presumably through increased
regeneration of PAPS (23). Furthermore, screening biodiversity by testing other sulfo-
transferases did not improve BGLS production level in either tobacco or E. coli (3 and
23). Despite the partial alleviation of metabolic bottleneck, the problem of the dsBGLS
accumulation remained. This could be due to deficient PAPS level, since the intracellu-
lar levels of PAPS have been reported to be fine-tuned in the microorganisms due to
toxicity (24). Moreover, when PAPS has donated a sulfate group to dsBGLS, adenosine-
39,59-bisphosphate (PAP) accumulates, and accumulation of PAP has been reported to
inhibit sulfotransferases and be toxic to yeast (25). Additionally, export of dsBGLS from
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the cells could be a means of detoxification leading to premature abortion of the BGLS
pathway.

Interestingly, comparison of the levels of BGLS production in E. coli and S. cerevisiae
shows that E. coli produced the highest level with 20.3 mmol/L (equivalent to 8.3 mg/L)
(3), whereas the highest level of BGLS produced by yeast is 12.81 mmol/L (=5.2 mg/L)
(this study). However, the engineered yeast strain in this study may have better BGLS
production potential since it is grown in selection-free medium, while the engineered
E. coli strain produces BGLS dependent on two antibiotics (3). For both microbial host
organisms, additional strain optimization is required to reach commercial levels.

In summary, this study reports the first comparison of the production in yeast of a
plant natural product, BGLS, by engineering a multigene pathway from high-copy plas-
mids or from stable one-copy integration in genome. The 8.4-fold higher production of
BGLS in the BGLSg strain combined with consistent protein levels demonstrates that
genome integration is the preferred strategy for engineering of multigene biosynthetic
pathways.

MATERIALS ANDMETHODS
Strain background and media. All the BGLS-producing strains were constructed based on the

S. cerevisiae strain CEN.PK 113-11C (MATa MAL2-8C SUC2 his3D ura3-52), listed in Table 1.
The synthetic complete (SC) drop-out media were used to grow the engineered yeast strains. The

media include 20 g/L carbon source glucose (Glu) or galactose (Gal), 6.7 g/L Yeast Nitrogen Base Without
Amino Acids (Sigma-Aldrich), various concentrations of Yeast Synthetic Drop-out Medium Supplements
(Sigma-Aldrich), and 20 g/L agar for transformation or without agar for culturing. The specific Yeast
Synthetic Drop-out Medium Supplements for each medium are described in Table S2.

Generation of genome-engineered BGLSg strain and plasmid-based BGLSp strain. Four expres-
sion cassettes containing the genes of the BGLS biosynthetic pathway (CYP79A2, CYP83B1, GSTF9, SUR1,
GGP1, UGT74B1, and SOT16; see Fig. 1) and the cytochrome P450 electron-donating support gene ATR1
were inserted into the selected integration sites of the genome following a previously described
approach (7). All the genes used in this study are listed in Table 2. A bidirectional constitutive TEF1/
PGK1-promoter and terminators ADH1 and CYC1, respectively, were cloned into the plasmids to control
the gene expression. The four integration cassettes were as follows: pXII-1 containing CYP79A2 and
CYP83B1, pXII-2 containing GSTF9 and ATR1, pXII-3 containing SUR1 and GGP1, and pXII-4 containing
SOT16 and UGT74B1. For schematic illustration of the genome integration strategy, see Fig. 2A. To inte-

TABLE 1 Yeast strains used in this study

Strain abbreviations Description Reference
CEN.PK 113-11C The original strain for gene expression (MATa MAL2-8C SUC2 his3D ura3-52). Peter Kötteraa

BGLSg Genome-engineered strain: with CYP79A2, CYP83B1, GSTF9, SUR1, GGP1, UGT74B1, SOT16, and ATR1
integrated in the XII chromosome, shown in Fig. 2A.

This study

BGLSp Plasmid-engineered strain: harboring multiplasmids pESC-URA-USER with CYP79A2, CYP83B1, GSTF9, and
ATR1, and pESC-HIS with SUR1, GGP1, UGT74B1 and SOT16, shown in Fig. 2B.

This study

CYPs The BGLSg strain harboring the construct pESC-URA-USER with CYP79A2 and CYP83B1, shown in Fig. 4B. This study
SOT16 The BGLSg strain harboring the construct pESC-HIS with SOT16, shown in Fig. 5B. This study
METs The BGLSg strain harboring the construct pESC-HIS withMET3 andMET14, shown in Fig. 5B. This study
APK1 The BGLSg strain harboring the construct pESC-URA-USER with the truncated APK1 without chloroplast

localization sequences, shown in Fig. 5C.
This study

aInstitut für Mikrobiologie, der Johan Wolfgang Goethe-Universität, Frankfurt am Main, Germany.

TABLE 2 The genes used to engineer and optimize BGLS production

Gene Enzyme Species Locus
CYP79A2 Cytochrome P450 Arabidopsis thaliana AT5G05260
CYP83B1 Cytochrome P450 Arabidopsis thaliana AT4G31500
GSTF9 Glutathione S-transferase Arabidopsis thaliana AT2G30860
GGP1 g-glutamyl peptidase Arabidopsis thaliana AT4G30530
SUR1 C-S lyase Arabidopsis thaliana AT2G20610
UGT74B1 Glycosyltransferase Arabidopsis thaliana AT1G24100
SOT16 Sulfotransferase Arabidopsis thaliana AT1G74100
ATR1 P450 reductase Arabidopsis thaliana AT4G24520
APK1 APS kinase Arabidopsis thaliana AT2G14750
MET3 ATP sulfurylase Saccharomyces cerevisiae YJR010W
MET14 Adenylylsulfate kinase Saccharomyces cerevisiae YKL001C
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grate the eight genes on the genome, the constructs pXII-1, pXII-2, pXII-3, and pXII-4 were digested by
XbaI, and the four linear DNA fragments were individually and iteratively transformed into the yeast
strain CEN.PK 113-11C, generating a strain named BGLSg. The URA3 marker gene was eliminated by
direct repeat recombination and 5-fluoroorotic acid (5-FOA) selection to prepare the strain for the next
transformation (26). All the primers used to generate the constructs are listed in Table 3.

Based on the four integration constructs, the eight genes flanked with the same promoters and ter-
minators were cloned into the 2m-based high-copy plasmids pESC-URA-USER and pESC-HIS (number
217451, Agilent Technologies), resulting in pESC-URA-USER harboring CYP79A2, CYP83B1, GSTF9, and
ATR1 and pESC-HIS harboring SUR1, GGP1, SOT16, and UGT74B1. For schematic illustration of the con-
structs, see Fig. 2B. The plasmid pESC-URA-USER was previously generated by adding USER cassette to
the plasmid pESC-URA (number 217454, Agilent Technologies) for USER cloning (27). The two plasmids
with the eight genes for BGLS production were simultaneously transformed into CEN.PK 113-11C, gener-
ating a strain named BGLSp. All yeast strains were generated using the previously described transforma-
tion method (28). Integration and transformation were confirmed by colony PCR.

Strategies for improvement of BGLS production in BGLSg strain. To optimize the BGLS produc-
tion level, the expression cassette containing the genes CYP79A2 and CYP83B1 were amplified by PCR
using the integration construct pXII-1 as the template and inserted into the plasmid pESC-URA-USER.
The gene SOT16 was constructed into the plasmid pESC-HIS, flanked with galactose-inducible promoter
GAL1 and terminator CYC1. The yeast native genes MET3 and MET14 were cloned into the plasmid pESC-
HIS under the control of galactose-inducible promoters GAL1 and GAL10, respectively. The chloroplast
localization sequences (29) were removed from the APK1 gene of A. thaliana, and the truncated gene
was amplified from cDNA. The gene was constructed into the plasmid pESC-URA-USER.

Growth conditions of yeast strains. For generation of yeast strains containing the BGLS biosynthetic
genes in the genome, the transformants were grown with SC-Ura-Glu agar medium. Subsequently, the
strains were grown on synthetic complete media containing 30 mg/L uracil and 740 mg/L 5-FOA to excise
the URA3 maker gene. For transformation of pESC-URA-USER-based constructs and pESC-HIS-based con-
structs, the transformants were grown with SC-Ura-Glu and SC-His-Glu agar media, respectively. Similarly,
SC-Ura-His-Glu agar medium was used to select the yeast strain transformed with both pESC-URA-USER-
based and pESC-HIS-based constructs.

All the strains were cultured in 100 mL baffled flasks containing 30 mL media at 30°C, 150 rpm.
Glucose was used as the carbon source to grow all the precultures and the first BGLS-producing cultures
for comparison of genome integration and plasmid-based introduction of the BGLS biosynthetic genes.
Galactose was used as the carbon source to grow the BGLS-producing culture for optimization of BGLS
production. Single colonies were inoculated in media for around 24 h as preculture. OD600 values of
each preculture were measured, and volumes of each preculture were calculated for the original OD600

to 0.6 in 30 mL fresh media. After the calculated volume of preculture was precipitated at 5,000 � g for
5 min, the cells were suspended in fresh media as expression culture. Cultures from 24 h growth were
used for analysis of targeted proteomics, and cultures from 48 h growth were used for metabolic
analysis.

Metabolite extraction and LC-MS analysis. The expression culture was precipitated at 17,000 � g for
5 min to collect the supernatant. The supernatant was diluted by 10-fold with a buffer containing 10 mg/mL
13C- and 15N-labeled amino acids (Algal amino acids 13C and 15N, Isotec, Miamisburg, USA) and 2 mmol/L
sinigrin (PhytoLab, Vestenbergsgreuth, Germany). Subsequently, the diluted samples were filtered (Durapore
0.22-mm PVDF filters, Merck Millipore, Tullagreen, Ireland) and used directly for LC-MS analysis. Sinigrin and
13C, 15N-Phe were used as internal standard to quantify BGLS and dsBGLS, respectively.

BGLS, dsBGLS, and the level of amino acids were monitored by LC-MS analysis using a modified version
of a previously described method (30). Briefly, an Advance UHPLC system (Bruker, Bremen, Germany) was
used for chromatography. A Zorbax Eclipse XDB-C18 column (100 � 3.0 mm, 1.8 mm, Agilent Technologies,
Germany) was used for separation. The mobile phases A and B were formic acid (0.05% [vol/vol]) in water
and acetonitrile, respectively. The elution profile was as follows: 0 to 1.2 min 3% B; 1.2 to 4.3 min 3 to 65% B;
4.3 to 4.4 min 65 to 100% B; 4.4 to 4.9 min 100% B, 4.9 to 5.0 min 100 to 3% B; and 5.0 to 6.0 min 3% B.
Mobile phase flow rate was 500 mL/min with the column temperature maintained at 40°C. The liquid chro-
matography was coupled to an EVOQ Elite TripleQuad mass spectrometer (Bruker, Bremen, Germany)
equipped with an electrospray ionization source (ESI). Infusion experiments with pure standards were used
to optimize instrument parameters. Ionspray voltage was set to 3,000 V or24,000 V in positive and negative
ionization mode, respectively. Cone temperature was maintained at 350°C and cone gas (nitrogen) flow to
20 lb/in2. Heated probe temperature was maintained at 400°C, and probe gas flow to 50 lb/in2. Nebulizing
gas (nitrogen) was set to 60 lb/in2 and collision gas (argon) to 1.6 mTorr.

Multiple reaction monitoring (MRM) was used to monitor analyte the parent ion to product ion transi-
tions: MRM transitions for 13C-, 15N-labeled phenylalanine was used as previously reported (31). MRM
transitions for BGLS, dsBGLS, and sinigrin were used as previously reported (32). Q1 and Q3 quadrupoles
were maintained at unit resolution. Data acquisition and processing were achieved by Bruker MS
Workstation software (Version 8.2.1, Bruker, Bremen, Germany). For analytes, multiple transitions were
monitored and the transition used for quantification was marked as quantifier (Qt). The information of
transitions and collision energies is seen in Table S3. Dilution series of the respective analytes were used to
calculate response factors to the respective internal standards. The selection of internal standards is based
on matching ionization mode with the analyte of interest (i.e., BGLS in negative ionization mode; dsBGLS
and amino acids in positive ionization mode). Due to the matrix effect from the cultures on the quantifica-
tion of the analytes, the correction factors were calculated into the response factors in Table S4.
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TABLE 3 The primers used to generate the constructs and verify genes in this study

Primers Sequences
BGLS-1 TCCCAGATTTGGCTTTGATT
BGLS-2 GCTCATTAGAAAGAAAGCATAGCA
BGLS-3 GCCACGTGCTTTATGAGGGT
BGLS-4 AGATCACCGCGAGGCGAC
BGLS-5 TTGCGTCTGCGATAGTTTC
BGLS-6 TCAATTGAGATGAGCTTAATCATGT
BGLS-7 CGGGCAATCAGAATCTGTAAC
BGLS-8 TCATATCTCGCTTTGATTTCTTCGG
BGLS-9 CATAGGCCGCCAAGGCAA
BGLS-10 GTCCCAGGTCCCACCATAA
BGLS-11 GGAAGCTAAGGATGGTTG
BGLS-12 CTTACCCTGGCTATGATCTG
BGLS-13 AGCCGCTGTAGCTACTTAAG
BGLS-14 TTATCATTTCTATTATTATCCTGCTCAGT
BGLS-15 GTAGATAATTACTTCCTTGATGATCTG
BGLS-16 CGAACCAAACGAAACAAATGCT
BGLS-17 CTTGATTGGAGACTTGACCAAACCTCTGGCGAAGAATTGTTAATACGGAATGCGTGCGAT
BGLS-18 TCTCAGGTATAGCATGAGGTCGCTCCTTCGAGCGTCCCAAAACCTTCT
BGLS-19 TGAGAAGGTTTTGGGACGCTCGAAGGAGCGACCTCATGCTATAC
BGLS-20 TTTTCGGTTAGAGCGGATCTTAGCTAGCCGCGGTACCAAGCTCTACCAGACATCTCTGAG
BGLS-21 TGATTGGAGACTTGACCAAACCTCTGGCGAAGAATTGTTAATATGCGTGCGATTCACTAC
BGLS-22 AGAGCGGATCTTAGCTAGCCGCGGTACCAAGCTTACTCGACTACTTCCCTAAACTCTCTATAAACT
BGLS-23 ATGCTCGCGTTTATTATAGG
BGLS-24 TCGGTGTTGAGTTCTTTCAT
BGLS-25 TGCAGCCGCTACTAAAC
BGLS-26 GTGAATTTGATGGAGAAAGG
BGLS-27 GCAAGCACTTTTGGGCACT
BGLS-28 CCTGCTTATCTCGCTCTAC
BGLS-29 TCCCATGACTGATGCGAAC
BGLS-30 CAAGTACAACATCGTCGG
BGLS-31 GGCCACATTTGATTCCATT
BGLS-32 GTAAGAAAGGTGCAAAGCGT
BGLS-33 ATGAGCGAAGAACAACCAC
BGLS-34 GGAAGCAAGGGTAGACGG
BGLS-35 CGCTGACGACTCTAAAGG
BGLS-36 GGAACTCTGCCTTTGAGGAA
BGLS-37 ACGAGACCATGAGGGCCAAT
BGLS-38 AATCAAAGACAACCCAAAAC
BGLS-39 GCTACAGACGAGGAAATCAG
BGLS-40 GGTGTTGTGATTGAGGAG
BGLS-41 CTTTAATCACCCACAAGAAGTTC
BGLS-42 TCGCTCTTAATTAACTTCGAGCGTCCCAAAACCT
BGLS-43 TCGAAGGCGGCCGCAGAGGCGGTTTGCGTATTGG
BGLS-44 TCGAAGTTAATTAAGAGCGACCTCATGCTAT
BGLS-45 GCCTCTGCGGCCGCCTTCGAGCGTCCCAAAAC
BGLS-46 CCCCGCTTAATTAAGCGTTGGCCGATTCATT
BGLS-47 TCGAAGGCGGCCGCCGCTCACTGACTCGCT
BGLS-48 CAACGCTTAATTAAGAGCGACCTCATGCTATACC
BGLS-49 TGAGCGGCGGCCGCCTTCGAGCGTCCCAAAACCT
BGLS-50 CCGTATTACCGCCTTTGAG
BGLS-51 ATAGGGCCCGGGATGGAATCAAAGACAACCCAAAAC
BGLS-52 AGCTTACTCGAGTCAGTTATCATGTTGAAGCAAGCCAGT
BGLS-53 GCCGTTUATGAGCACGAACATCAAATGGCACGA
BGLS-54 GCTGTTUTTAGGCCTGTAGATAGCCTTTATTGT
BGLS-55 GCCGTTUATGCCTGCTCCTCACGGTGGT
BGLS-56 GCTGTTUTTACAAATGCTTACGGATGATTTTTTCACTGAT
BGLS-57 ACCGTGTCGTAGCTTTCCAA
BGLS-58 AGATTTCATTGGTTCTGGTAGT
BGLS-59 AACCCCGGATCCATGCCTGCTCCTCACGGTG
BGLS-60 CAAGCTTACTCGAGTTACAAATGCTTACGGATGATTTTTT
BGLS-61 ACGGAATGCGTGCGATTCACT
BGLS-62 ATGCTCGCGTTTATTATAGGTTTGCTTCT

(Continued on next page)
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Targeted proteomics. For relative quantification of targeted proteins, a set of stable isotopically la-
beled proteotypic peptides were ordered as internal reference (JBL, SpikeTides). Peptides for the BGLS
biosynthetic enzymes were designed and kindly given by Meike Burrow and Daniel Vik, except the pep-
tides for ATR1, GSTF9, and the yeast housekeeping enzyme PGI1 (locus: YBR196C), which were designed
by Annette Petersen. Skyline 4.2 was used to predict tryptic digestion in silico for the possible peptides
of each enzyme (33). At least two nonneighboring promising peptides were selected for each target pro-
tein analysis according to these rules: m/z below 1,250, cleavage sites without neighboring lysine or argi-
nine, and as little methionine and cysteine as possible. The specific peptides for each enzyme are listed
in Table 4.

A combined optimized method was used to extract proteins from yeast cells for quantitative proteo-
mics (34, 35). Specifically, the yeast cells from 10 mL culture were resuspended in 300 mL lysis buffer (0.1
M NaOH, 0.05 M EDTA, 2% SDS, 2% 2-mercaptoethanol) followed by incubation at 90°C for 10 min. After
5 mL of 4 M acetic acid was added, the solution was vortexed for 30 s and incubated at 90°C for 10 min.
For phase separation, 600 mL methanol, 150 mL chloroform, and 450 Milli-Q water were successively
added, and the samples were centrifuged at 4°C, 21,000 � g for 1 min. Subsequently, the aqueous phase
was removed, and the samples were centrifuged again at 4°C, 21,000 � g for 1 min after another 450 mL
methanol was added to dislodge the protein pellets. The proteins were dried using Speed-Vac under
the conditions of 1,000 rpm, 30 to 60 min, and maximum 35°C.

The remaining procedure was very similar to the previously published method (3) except the
amount of protein for tryptic digestion. Briefly, the protein pellets were resuspended with 100 mL of
100 mM ammonium bicarbonate buffer containing 10% (vol/vol) methanol. According to the protein
concentration measured with Pierce BCA Protein assay kit (ThermoFisher, number 23225), 100 mL of
1 mg/mL protein samples (100mg in total) were prepared for the tryptic digestion. Prior to the digestion,
the proteins were incubated for 30 min at room temperature with the addition of 2 mL 10-mM dithio-
threitol (DTT) and subsequently incubated in the dark for 20 min at room temperature with the addition
of 25 mL 50-mM iodoacetamide. Another 100 mL of 100-mM ammonium bicarbonate buffer containing
10% (vol/vol) methanol was added before incubation at 37°C overnight with 2 mg trypsin/Lys-C mix
(Promega, number V5073). The reaction was stopped by acidification with trifluoroacetic acid (TFA).

The peptide digests diluted up to 1.5 mL with buffer A (2% [vol/vol] acetonitrile, 0.1% [vol/vol] formic
acid) were purified with Sep-PakC-18 columns (Waters, Sep-Pak Vac 1 cc 100 mg, number WAT023590).
The peptide digests were washed three times with 1 mL buffer A and eluted twice with 0.5 mL buffer B
(65% [vol/vol] acetonitrile, 0.1% [vol/vol] formic acid). The peptides were dried in Speed-Vac under the
condition of 1,000 rpm, 3 to 6 h, and maximum 35°C. For LC-MS analysis, the dry peptides were resus-
pended in 25 mL buffer C (2% [vol/vol] acetonitrile, 0.5% [vol/vol] formic acid, and 0.1% [vol/vol] trifluoro-
acetic acid [TFA]) containing 20 nM isotopically labeled peptide standards (JPT, SpikeTides) and filtered
through 0.22-mm centrifugal filters (Merck, number UFC30GV00).

Liquid chromatography was performed on a 1290 Infinity II UHPLC system (Agilent Technologies).
Gradient conditions were adopted, with changes, from Percy et al. and Batth et al. (36, 37) and modified
from previous studies on the pathway by Petersen et al. (3). Briefly, MilliQ-grade water with 0.05% formic
acid and acetonitrile with 0.05% formic acid were used as solvents A and B, respectively. Flow rate was
400 mL/min with the following gradient conditions: 0.0 to 0.5 min 5% B; 0.5 to 22.0 min 5 to 32% B; 22.0
to 24.0 min 32 to 42% B; 24 to 25 min 42 to 90% B; 25.0 to 28.0 min 90% B; 28.0 to 31.0 min 90 to 5% B;
31.0 to 35.0 min 5% B. Column oven temperature was maintained at 55°C. Peptide separation was
achieved on an Aeris PEPTIDE XB-C18 column (150 � 2.1 mm, 2.6 mm, 100 Å, Phenomenex). The injec-
tion volume was 10 mL. The column temperature was maintained at 55°C. The liquid chromatography
was coupled to an Ultivo Triplequadrupole mass spectrometer (Agilent Technologies) equipped with a
Jetstream electrospray ion source (ESI) operated in positive ion mode. Instrument parameters were opti-
mized by running different mixes of the target peptides. Mixes of the target peptides were also used to
identify the three most abundant transitions from analyte precursor ion to fragment ion for multiple
reaction monitoring (MRM). Three to five peptides were chosen for detection of the individual proteins.
MRM transitions and further details can be found in Table S5. Source settings for heated electrospray

TABLE 3 (Continued)

Primers Sequences
BGLS-63 CGTAATACTATGGATCTCTTATTGATT
BGLS-64 CGTTGGTGCAAGAACGAGG
BGLS-65 TGCGTTAAGCTGGGAATGAATA
BGLS-66 ATGGTGCTAAAGGTGTACGGA
BGLS-67 ATGACTTCTGCTTTGTATGCT
BGLS-68 TACCAGACATCTCTGAGGTATCTT
BGLS-69 CATTTCGAGATTATTATCACTCAGTT
BGLS-70 ATGAGCGAAGAACAACCAC
BGLS-71 ATGGTGGAGCAAAAGAGATA
BGLS-72 GGAACTCTGCCTTTGAGGAA
BGLS-73 TTATCATGTTGAAGCAAGCCA
BGLS-74 AATCAAAGACAACCCAAAAC
BGLS-75 ATGGCGGAAACAACTCCCAA
BGLS-76 CTACTTCCCTAAACTCTCTATAAACT
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ionization were as follows: spray voltage 3,000 V, positive ion mode; gas temperature 325°C; gas flow 13
L/min; nebulizer 25 lb/in2; sheath gas temperature 400°C; and sheath gas flow 12 L/min. The triple quad-
rupole mass spectrometer (Ultivo, Agilent Technologies) was set to scan for transitions of individual pep-
tides within scheduled 3-min windows around their retention time. Quadrupoles 1 and 3 were set to
unit resolution. The acquired chromatograms were analyzed through Skyline 20.1.

Verification of BGLS biosynthetic genes in the BGLSg and BGLSp strains. The transformation was
redone to generate the engineered strains. The same procedure was performed to harvest cultures from 24 h
for analysis of targeted proteomics. Yeast cells collected from 200 mL culture were resuspended with 20 mL
10 mM NaOH. The cell solution was heated up at 95°C for 5 min, and 1mL of the solution was used as the tem-
plate for DNA amplification. The primers were designed to cover each whole gene and are listed in Table 3.

SUPPLEMENTAL MATERIAL
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SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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TABLE 4 Proteotypic peptides used as reference for quantification of BGLS biosynthetic
enzymes and a yeast housekeeping enzyme in targeted proteomics analysisa

Gene Peptide sequence Reference
CYP79A2 SWPLIGNLPEILGR

LVIESDLPNLNYVK
LIQGFTWLPVPGK

3
3
3

CYP83B1 GYVSEEDIPNLPYLK
GQDFELLPFGSGR
LAVISSAELAK

3
3
3

GSTF9 LAGVLDVYEAHLSK
GVAFETIPVDLMK
VYGPHFASPK
HVSAWWDDISSR

3
This study
This study

GGP1 DAITPGSYFGNEIPDSIAIIK
VVSGEFPDEK
YALFLATLDSEFVK
ILGICFGHQIIAR

3
This study
This study

SUR1 FASIVPVLTLAGISK
IGWIALNDPEGVFETTK
EENLVFLPGDALGLK

3
3
3

UGT74B1 GLPSLSYDELPSFVGR
SINEFIESLGK
FSNGDFPLPADPNSAPFR

3
This study

SOT16 VGDWANYLTPEMAAR
YDDAANPLLK
YQDFIATLPK
ALTYAIVNR

3
This study
This study

ATR1 VIDLDDYAADDDQYEEK
DEDDDLDLGSGK
VSIFFGTQTGTAEGFAK
SVATPYTAVIPEYR
VHVTSALVYGPTPTGR

3
This study
This study
This study

PGI1 TFTNYDGSK
VVDPETTLFLIASK
TFTTAETITNANTAK
AEGATGGLVPHK

This study
This study
This study
This study

aThe peptides in bold are the representative peptides for each protein, which are used for calculation of the
relative protein level.
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